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Abstract: The current research has been carried out to investigate the interactive behaviour of soil-
geosynthetic interfaces. A cost-effective vertical pullout test (VPT) apparatus was designed for this
purpose. A series of laboratory direct shear tests (DSTs) and vertical pullout tests (VPT) were carried
out using three types of sands and four different types of geosynthetics. All three sandy samples
used in this research were classified as poorly graded sand (SP) as per the Unified Soil Classification
System (USCS) with median grain size ranging between 0.39~0.2 mm. The geosynthetics used were
three woven and one non-woven with a tensile force of 3.3 kN/m~103.8 kN/m. The direct shear test
revealed that geometric properties of geosynthetics have an influence on interface shear resistance.
Interface friction angle varies between 29.2~38.3. Vertical pullout (VPT) test results show that the
pullout force is in the range of 23.9~31.4. The interface friction angle by both direct and vertical
pullout tests is more for coarse-grained soils than for fine-grained soils. Interface friction angles
from pullout tests were around 19% smaller than direct shear tests. The interface efficiency ranged
from 0.69 to 0.97 for all soils; meanwhile, for non-woven geotextiles, the efficiency values are up to
22% higher as compared to woven geotextiles due to theirtexture. The present research indicates
that interface friction parameters can be efficiently determined through the interface of a cost-effec-
tive VPT which is also comparable with DST. The reliable values of interface efficiency can be ob-
tained for soil-geosynthetic interfaces which can optimize the design and omits the need foras-
sumed conservative values of friction parameters.

Keywords: geosynthetic; vertical pull out; interface efficiency; interface friction angle

1. Introduction

The inclusion of geosynthetic reinforcement in a soil mass increases the bearing ca-
pacity and ability to sustain extra surcharge and overburden [1]. Geosynthetics are uti-
lized to enhance the performance of foundations and fills [2]. Its main application areas
include mechanically stabilized earth walls [3], reinforced soil slopes, embankments, ge-
osynthetic landfill liner systems and other geosynthetic reinforced structures. Several
studies investigated soil-geosynthetic interface shear strength using direct shear tests for
sandy soils [4]. The inclusion of geosynthetic reinforcement in a soil mass increases the
bearing capacity and ability to sustain extra surcharge and overburden [1].Geosynthetics
are utilized to enhance the performance of foundations and fill [5]. Investigation of the
interaction behavior and mechanism of soil reinforcement is inevitable for the design and
stability analysis of geosynthetic reinforced soil structures. Assessment of soil-reinforce-
ment interaction will indicate how the composite structure will perform under different
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loading conditions depending upon both the type of soil and the reinforcement material
and its properties. Several studies investigated soil-geosynthetic interface shear strength
using direct shear tests, triaxial compression tests, and numerical modeling for sandy soils
[6-10]. The use of geosynthetics in soils presents potential planes of weakness due to par-
tial loss of particle-to-particle frictional interlock and resistance at the interface of soil re-
inforcement; therefore, it becomes necessary to evaluate the interface friction parameters
for the safe design of geosynthetic reinforced soil (GRS) structures [11-13]. When a geo-
synthetic is used as soil reinforcement, the bond strength between the soil and the rein-
forcement should be sufficient to prevent the sliding of the soil mass against the reinforce-
ment fibers and should prevent the pulling out of reinforcement when the tensile stresses
are developed in geosynthetics [5]. The efficiency of anchorage between the soil and rein-
forcement depends upon the contact surfaces of both elements. Anubhav and Bashudar
[14] investigated the soil/geotextile shear interface mechanism. They concluded that peak
and residual coefficient friction for sands with angular particles werehigher than for sands
with rounded particles. The friction coefficients were significantly higher for sands with
sub-angular gains as compared to rounded grains [15]. Tuna and Altun [16] studied the
effect of size of equipment, confining pressure, geosynthetic properties, and relative den-
sity. They concluded that the size of the equipment did not cause any prominent change
in the interface behavior of reinforced soil. Abdi and Goband [17] revealed that interaction
coefficients, which arethe ratio of roughened geotextile shear strength to sand-geotextile
interface shear strength, ranged from 1.02 to 1.23 and 1.03 to 1.31 for coarse and fine sand,
respectively.

Pullout resistance is determined by using laboratory pullout tests and depends on
soil parameters, in-situ dry density and length, and type of geosynthetic [18]. Different
research works suggest the utilization of medium to large-sized shear boxes (100~300 mm)
to carefully simulate the field conditions and large interface monitoring. However, geo-
synthetic-soil interface shear strength can also be studied using the small shear box (60
mm x 60 mm) and the results are comparable. Several shear apparatuses have been devel-
oped for the evaluation of geosynthetic-soil shear strength. However, most of these
pullout test setups are of specialized and expensive nature. For developing countries,
where such laboratory facilities are scarce, there is a need to propose low-cost simplified
testing apparatus to evaluate the strength of the geosynthetic-soil interface. This study is
aimed to propose a simplified test apparatus to carry out a pullout resistance test on the
geosynthetic-soil interface with reasonable accuracy and propose interface friction angles
for different types of sandy soils and geosynthetics.

2. Materials and Methods

Three different types of locally available sands, namely Ravi, Chenab, and Lawren-
cepur, were used as backfill materials for this study. All three types of soils were clean
sands classified as poorly graded (SP) as per the Unified soil classification system (USCS)
classification system. For the present research, Ravi sand, Chenab sand, and Lawrencepur
sand are designated as Soill, Soil2, and Soil3, respectively. The physical properties of all
three types of sands are determined in the laboratory. Sands selected varied in their me-
dian particle size (D50) as 0.19 mm, 0.26 mm, and 0.75 mm for Soill, Soil2, and Soil3, re-
spectively. Tests revealed that Soil3 has no fine contents and Soill and Soil2 had 4% and
0.4% fines, respectively. Based on gradation analysis, the coefficient of uniformity (Cu)
varies between 2.94~1.75 while the coefficient of curvature (Cc) ranged from 0.98~1.36.
Figure 1 represents the grain-size distribution curves of the sands used in the study and
the engineering characteristics of these soils are listed in Table 1.
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Figure 1. Particle size distribution of various sands used in the study.
Table 1.Properties of soils used in this study.
Type/Value

Property Soill Soil2 Soil3

Effective Size, D1 (mm) 0.09 0.16 0.17
Dso(mm) 0.19 0.26 0.75

Dss (mm) 0.33 0.40 1.24
Coefficient of uniformity, Cu 2.67 1.75 2.94
Coefficient of Curvature, Cc 1.04 0.98 1.36
Friction angle,¢ (deg) 34.4 37.2 429
Specific Gravity, Gs 2.67 2.67 2.66
Maximum index density, yamax (KN/m3) 15.95 16.03 17.69
€min 0.63 0.64 0.47

€max 0.96 0.93 0.73

Soil classification (USCS) *SP *SP *SP

*SP—Poorly graded sand.

Geosynthetics used in this study were of four different types which included three
woven and one non-woven geotextile as shown in Figure 2. One woven geotextile (GW1)
sample was provided by Laiwu Starring Project MaterialCo., Ltd. High-Tech District,
Laiwu, Jinan, Shangdong province, China, and two other woven geotextile samples (GW2,
GW3) were provided by Hong Xiang New Geo-Material Co., Ltd. Ling County, Shandong
province, China. The non-woven geotextile (NW) sample was collected from a local man-
ufacturer in Pakistan. For the purpose of discussion, the woven geotextiles are referred to
as GW1, GW2, and GW3, and the non-woven geotextile is referred to as NW. Two (GW1
and GW2) out of three woven geotextiles were manufactured from polypropylene mate-
rial, however, one type of woven geotextile (GW3) and the non-woven were manufac-
tured from polyester (PET yarn). Mass/unit area of the geotextiles, axial strain at failure,
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and thickness were measured following the relevant ASTM standards [19,20,21]. The re-
ported values of mass/unit area, thickness, and effective opening size were provided by
the relevant manufacturers while the wide-width strip tensile test is performed at the Ma-
terial Testing Laboratory, Polymer and Process Engineering Department, University of
Engineering & Technology, Lahore. The physical properties of the geosynthetics are sum-
marized in Table 2.

(d)

Figure 2. Four different types of geotextiles, three woven; (a) GW1, (b) GW2, and (c) GW3, and
one non-woven (d) (NW) used in this study. Particle size distribution for different sands used in
this study.

Table 2. Properties of geotextiles used in this study.

Ultimate

Material Polymer  Mass/Unit Area Thickness Effe-:ctlve. Tensile Axial ?tram at
Opening Size Failure
Strength
g/mz mm mm KN/m %
GW1 PP 310 0.425 76.2 8.0
GW2 PP 190 0.20 24.0 6.8
GW3 PET 295 1.2 0.45 103.8 15.7
NW PET 150 0.4 -- 3.3 42.5

GW1: Woven Geotextile (PP), GW2: Split Yarn Woven Geotextile (PP),GW3: Woven Geotextile
(PET), NW: Non-woven Geotextile (PET), PP: Polypropylene, PET: Polyester Yarn.
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The tensile strength of a geosynthetic is defined as the peak load applied per unit
width of the geosynthetic. The tensile strength of geosynthetics is commonly determined
by the wide-width strip tensile test [20]. A tensile load was applied at a rate of 1 mm/min
on a 200 mm wide geosynthetic strip clamped between the jaws of UTM with a gauge
length of 100 mm. Thewide-width strip test closely simulates the deformations experi-
enced by the geosynthetics in the soil. This test provides various parameters such as max-
imum tensile strength, extension, and tensile modulus. The measured strength and the
strain at failure depend on several variables such as the applied preload (if any), temper-
ature, strain rate, sample geometry, gripping method, and any normal confinement ap-
plied to the geosynthetic. To minimize the influence of the geometry of geosynthetics on
test results, it is suggested that the width-gauge length ratio of the geosynthetic should
not be less than 2 [22]. The tensile strength of geosynthetics has a close relation with mass
per unit area.

Results of tensile strength tests are presented in Figure 3.The tensile strength of GW3
is 103.8 kN/m at a strain of 15.7% which is 34.5 times more than the NW sample. The
probable reason for the high tensile strength of GW3 is its woven nature as compared to
the non-woven sample. The tensile strength of GW3 is 1.36~4.13 times more than GW1

and GW2, respectively.
120
103.8 KN/m
—GWI1
100
Material | Tensile Strength | Axial Strain at —GW?2
- kN/m Failure
= %0 76.2 kN/m %)
= GWI 76.2 8.0 —_—
E GW2 24.0 6.8 GW3
g GW3 103.8 15.7
g 60 NW 33 425 —_—NW
o
=
‘7
E 40
24.0 KN/m
20
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0 ——
0 20 40 60 80 100 120
Elongation (%/)

Figure 3.Wide-width strip test on geosynthetics used in the current research.

2.1. Vertical Pullout Test Apparatus

A vertical pullout test (VPT) apparatus is designed in this study as shown in Figure
4. A wooden box was prepared to constrain the soil sample. A clamp and hanger were-
fabricated to hold embedded geotextile in a soil sample within a wooden box. A load
measuring device having an accuracy of 0.01 N and a peak hold feature was used to record
the peak pullout force. Bricks of standard weight wereused to apply surcharge load on
the soil-geotextile interface. In order to make this apparatus cost-effective local material
was used for fabrication.
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Figure 4.Assembled VPT setup (a) without surcharge and (b) with surcharge. (¢) Clamp and
hanger fabricated for holding the reinforcement and digital scale in VPT.

2.2.Pullout Test Philosophy

VPT is a relatively simple technique for the evaluation of interface friction parameters
in the laboratory. It requires relatively inexpensive equipment that can be easily adapted
by laboratories and for field experimentation. In VPT,a geosynthetic product (geotextile
or geomembrane) is vertically embedded in the soil mass. The soil mass surrounding the
geosynthetic provides the lateral earth pressure that is utilized as the normal force to gen-
erate normal stresses. In order to increase the normal stress, a surcharge is symmetrically
placed around the geosynthetic on top of the soil mass.The shearing force is applied by
vertically pulling out the geosynthetic to mobilize the friction around both faces of the
reinforcement. The peak or maximum value of the pullout force is recorded.

The lateral earth pressures are determined by assuming at rest condition of the soil
mass by using the angle of internal friction of soil that is estimated or already calculated
through direct shear tests of soil. For the present study, the soil used is in the dry state and
the lateral earth pressures acting on two faces of the geotextile were calculated using Bous-
sinesq’s method. However, in the presence of moisture in the soil, effective stresses should
be considered. The shear strength parameters and peak interface friction angle (d) be-
tween soil and the geotextile reinforcement were determined by performing a series of
tests with different levels of normal stresses generated by applying different surcharge
loads and measuring the shear/pullout stresses by vertically pulling out the geotextile.
Figure 5 shows the stresses used to analyze the results of VPT.
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Figure 5. Surcharge load application philosophy.

A sample of the desired dimension of geotextile was cut and fixed in the holding
clamps. The size of the geotextile sample selected to embed in the soil is 100 mm x 150 mm
and an additional 50 mm in height is taken for mounting the sample in the clamps and to
allow clearance above the soil. The geotextile sample was placed in clamps and held ver-
tically in the middle of the container. The soil is filled around the geosynthetic sample
while carefully maintaining the vertical alignment of the reinforcement. The sand was
poured into a container in three layers to achieve the desired embedment height of the
geotextile. Each sand layer was compacted with equal compacting energy using the tam-
per to achieve the final relative density of 50%. The length of geotextile above the soil
surface was noted after adding the soil to record the exact embedment length of the sam-
ple.

Surcharge load is applied using bricks placed symmetrically on both sides of the re-
inforcement to achieve different levels of normal stress. The clamps holding the digital
scale with an accuracy of 0. 0.01 N and the peak hold feature were used to record the peak
pullout force. The clamp holding the digital scale was held vertically and pulled out at a
predetermined uniform pace such that the complete reinforcement was pulled out of the
soil in 60 s. Figure 4 shows the photographs of the experimental procedure of VPT. The
reading on the digital scale increases until the interface friction on both faces of the geo-
textile is fully mobilized and the peak value is recorded as the peak pullout force. After
the reading on the digital scale reaches its peak, it starts dropping rapidly and the rein-
forcement gets pulled out. Tests were repeated for four different levels of normal stress.
Initially, no surcharge was applied and the normal stress was generated by the soil lateral
earth pressure, then for an increase in normal stress, bricks were added symmetrically on
both sides of the reinforcement. To avoid obstruction during pulling out,a surcharge was
placed about 20 mm from the clamp. Normal stress was calculated by summing up the
lateral earth pressure of the soil mass and pressure due to surcharge load. The normal
stress at different points was determined at equal intervals of embedment height of geo-
textile and then the average of the stresses was taken as normal stress due to surface sur-
charge (Figure 5).
o+ 0, +03+ 0,

4

)

Averagenormalstress(6,)gyg =

where



Fibers 2022, 10, 84

8 of 14

“"_yr

o1, 02, 03 and o+ normal stresses at height “z” of the embedded geotextile
and(0;) qyg=the average normal stress at one face of embedded geotextile.
Normal stress and shear stress arecalculated using Equations (2) and (3), respectively:

N

7T BxL, @)
Fyp

'T 2xBxL, ®)

where
Fo= peak vertical pullout force,
B =width of the geotextile sample, and
L= length of the geotextile embedded in soil.

2.3.Direct Shear Test

In most common modified direct shear tests performed for geotextiles, the geotextile
reinforcement is fixed to some rigid block or support and placed in the lower half of the
shear box [23]. The soil mass in the upper half of the shear box is made to slide against the
geotextile surface while the load is applied normally to the geotextile surface to determine
the interface friction characteristics of soil-geotextile interfaces. The applied normal load
and the horizontal and vertical displacements are recorded using one load cell and two
displacement transducers each for horizontal and vertical displacement. This is the basic
concept of interface direct shear test (DST) which can be used to quantify the interaction
behaviour of soil-geotextiles. Figure 6 shows the schematic sketch of a typical modified
direct shear test [24]. ASTM [24] suggests the use of a large-scale direct shear box with
plan dimensions of 300 mm x 300 mm. However, geosynthetic-soil interface shear strength
can also be studied using a small shear box (60 mm x 60 mm) and the results are compa-
rable [20]. In this study, the modified direct shear setup used is a conventional 60 mm x
60 mm shear box. The geotextile specimen was mounted on arigid wooden block with a
roughened upper surface (Figure 6). The geotextile specimen is carefully cut to the size of
the wooden block and mounted on the upper surface with adhesive. Since the geosyn-
thetic samples varied in thickness, the size of the wooden block was challenging because
the overall height of the block including the mounted geosynthetic should be such that it
perfectly fits in the lower half of the shear box and meets the separation of the two halves
so that during the test process the shearing takes place at the soil-geosynthetic interface
accurately. If the overall height of the rigid block with geosynthetic falls short by even half
a millimeter, the shearing shall not take place at the interface of soil and geosynthetic re-
sulting in erroneous friction parameters. Similarly, if the overall height of the rigid block
becomes a little higher, the block will go into the upper half of the shear box and the test
will not proceed. To overcome this problem, wooden blocks of four different sizes were
used for four different thicknesses of geosynthetic specimens, and additionally, a wooden
spacer was used to further fine-tune the height of components of the lower half of the
shear box. The sand was filled in the upper half of the shear box in three equal layers and
carefully compacted with equal compaction energy to achieve a relative density of 95%
(dense state) for all the interface direct shear tests. The strain rate was maintained at 1
mm/min for all the tests and tests were performed with three different levels of normal
stresses of 24, 37, and 50 kPa. Readings of load and displacements were recorded at equal
intervals from the load dial gauge and horizontal displacement dial gauge, respectively.
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Figure 6. (a) Wooden blocks of different heights fabricated to place in the lower half of the shear
box, (b) geosynthetic reinforcement mounted on top of the wooden block for interface shear
tests,(c) direct shear test philosophy.

3. Results
VPT Results

Results of pullout tests (VPT) performed on Soil2 using the test setup mentioned in
detail in previous sections, at a relative density of 50% have been represented in Figure 7
in terms of Mohr-Coulomb envelopes. All the tests have been carried out for dry condi-
tions and maintain a steady pullout rate in such a way that the complete reinforcement is
pulled in 60 s. For each geotextile-soil combination, at least three tests were performed
with each normal stress value to ensure consistency of results, and three sets of normal
stresses were applied. The lowest value of normal stress did not include the surcharge
load and only the soil lateral earth pressure was utilized as the normal stress on the geo-
textile.
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Figure 7.Interface friction angles obtained through vertical pullout with different geosynthetics.(a)
Geosynthetics~Soill,(b) Geosynthetics~S0il2,(c) Geosynthetics~Soil3.

Figure 7 shows the results for Soill, Soil2, and Soil3. The measured interface friction
angle for GW2 for all soil sample is minimum (23.9° ~ 26.6°) i.e 76% ~ 91% of that interface
friction angle for the NW specimen. All four geotextiles (GW1, GW2, GW3, and NW) were
tested with three Soils (Soill, Soil2, and Soil3) using a vertical pullout test (VPT). Since all
three soils used in this study were cohesionless therefore the adhesion values for all inter-
faces were negligible.

4. Discussion

The discussion regarding the test results is as follows.

4.1.Comparison of VPT and Direct Shear Test

A comparison of the results obtained from DST and VPT is summarized in Figure 7.
The results indicate that the values from DST are higher as compared to the pullout test
and the values of interface friction angles are up to 19% smaller than that of DST, due to
dissimilar boundary conditions in direct shear and pullout tests. Secondly, the normal
stresses applied in pullout tests were comparatively smaller than that of direct shear tests.

Also in pullout mode, the reinforcement undergoes large deformations which result
in comparatively lower friction. Figure 7 shows the comparison of interface friction angles
from DST and VPT. It can be noted that the friction angles from VPT for GW3 and NW
are closer to DST values as compared to GW1 and GW2 which is attributed to the rough
surface texture of GW3 and NW specimens as compared to the smooth texture of GW1
and GW2. The interface shear strength for rough textured geotextiles is mainly due to
grain-grain interlock resulting in higher friction.

Figure 8 shows the behaviour of soil-geotextile interaction of three different soils with
non-woven geotextile (NW). The results from the graph indicate that peak shear stresses
are 39.64, 40.02, and 43.34 kPa for Soill, Soil2, and Soil3 with the non-woven geotextile
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(NW), respectively. These peak shear stress values are higher than that of woven geotex-
tile (GW1). This suggests that non-woven geotextile developed better interactions with
the neighboring soil which may be attributed to its relatively rough surface texture. The
rough texture of non-woven geotextile (NW) allowed the soil particles to stick to its sur-
face and coarser particles were also able to penetrate the surface. Further, VPT shows con-
servative interface strength owing to the fact actual stiffness of geotextiles is being incor-
porated in VPT (Figure 8); meanwhile in DST, the stiffness of geotextile increases due to
mounting it on a wooden box. Therefore, VPT presents a more realistic approach to eval-
uating the interfacial strength of the geotextile-soil reinforcement.

GW GW2 GW3 NW

Figure 8. Comparison of interface friction angles obtained from modified direct shear tests and
vertical pullout tests for various soil-geotextile interfaces.

4.2.Interface Efficiency

Figure 9 and Table 3 show the behaviour of soil-geotextile interaction of three differ-
ent soils with non-woven geotextile (NW). The results from the graph indicate that peak
shear stresses are 39.64, 40.02, and 43.34 kPa for Soill, Soil2, and Soil3 with non-woven
geotextile (NW), respectively. These peak shear stress values are higher than that of wo-
ven geotextile (GW1). The interface efficiency ranged from 0.69 to 0.97; meanwhile, for
non-woven geotextiles, the efficiency values are up to 22% higher as compared to woven
geotextiles due to their texture. This suggests that non-woven geotextile developed better
interactions with the neighboring soil which may be attributed to its relatively rough sur-
face texture. The rough texture of non-woven geotextile (NW) allowed the soil particles
to stick to their surface and coarser particles were also able to penetrate the surface.
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Figure 9. Interface efficiency of soils~geosynthetics.

1.2

Table 3. Interface friction parameters including friction angles, friction coefficient, and interface
efficiency from modified direct shear tests.

Interface Friction Interface Friction I‘nt.erface
Interface Type Angle, 5 () Coefficient (tand) Efficiency, E¢
! (tané/tanqp)

Soil1-Soill 34.4

Soil1-GW1 31.7 0.618 0.90
Soil1-GW2 31.0 0.601 0.88
Soil1-GW3 32.9 0.647 0.94
Soill-NW 33.5 0.662 0.97
Soil2-Soil2 37.2

Soil2-GW1 34.7 0.692 0.91
Soil2-GW2 29.2 0.559 0.74
Soil2-GW3 35.3 0.708 0.93
Soil2-NW 36.0 0.727 0.96
So0il3-Soil3 429

Soil3-GW1 35.5 0.713 0.77
Soil3-GW2 32.6 0.640 0.69
Soil3-GW3 37.2 0.759 0.82
Soil3-NW 38.3 0.790 0.85

5. Conclusions

The research study has been conducted to evaluate the soil-geosynthetic interaction

The interaction of the sand-geotextile interface can be described by
envelope with interface efficiency ranging from 0.67~0.97.

mechanism. The interface friction parameters including interface friction angle, pullout
resistance, and interface efficiency were determined by performing a series of laboratory
tests including a modified direct shear test and vertical pullout test. These tests were per-
formed on three types of sand and four different types of geosynthetics. The parameters
thus determined are useful for the analyses and design of geosynthetic reinforced soil
structures. Based on the laboratory investigations, the following conclusions can be made:

a linear failure
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e  The sand-geotextile behavior depends on the type of geotextile and its surface char-
acteristics. The interface efficiency of NW is 3~22% higher than the woven geotextile
which is due to the rough surface of the non-woven geotextile.

e  Modified direct shear test and vertical pullout test indicated that particle size has a
marked influence on interface friction parameters. Interface friction angle increased
by 1.6~4.8 degrees and friction coefficient values increased by 6.5~19.3% from Soill
to Soil 3, respectively for the same geosynthetic reinforcement.

e  VPT test yields a friction angle, i.e., 9~19% smaller as compared to the friction angles
obtained by the modified direct shear test owing to the fact that the actual stiffness
of the geotextile is incorporated in the VPT, meanwhile, the stiffness of the geotextile
is increased by mounting it on a wooden box. Thus, VPT presents a more conserva-
tive and safe design parameter for geotextile interfacial strength.

Despite the fact, that the experimental outcomes show emphatic effects regarding the
shear strength improvement of non-cohesive soils with reinforcements, the laboratory
scales may limit the results, such as the size of the soil specimen or dimensions of the
testing apparatus. Therefore, it is recommended to execute experiments on a broader scale
by using a larger size sample simulating the field conditions.
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